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Abstract 

Plants are highly attuned to translating environmental changes to appropriate modifications in growth. Such phenotypic 
plasticity is observed in dense vegetations, where shading by neighboring plants, triggers rapid unidirectional shoot growth 
(shade avoidance), such as petiole elongation, which is partly under the control of auxin. This growth is fuelled by cellular 
expansion requiring cell-wall modification by proteins such as xyloglucan endotransglucosylase/hydrolases (XTHs). Cortical 
microtubules (cMTs) are highly dynamic cytoskeletal structures that are also implicated in growth regulation. The objective 
of this study was to investigate the tripartite interaction between auxin, cMTs and XTHs in shade avoidance. Our results 
indicate a role for cMTs to control rapid petiole elongation in Arabidopsis during shade avoidance. Genetic and 
pharmacological perturbation of cMTs obliterated shade-induced growth and led to a reduction in XTH activity as well. 
Furthermore, the cMT disruption repressed the shade-induced expression of a specific set of XTHs. These XTHs were also 
regulated by the hormone auxin, an important regulator of plant developmental plasticity and also of several shade 
avoidance responses. Accordingly, the effect of cMT disruption on the shade enhanced XTH expression could be rescued by 
auxin application. Based on the results we hypothesize that cMTs can mediate petiole elongation during shade avoidance 
by regulating the expression of cell wall modifying proteins via control of auxin distribution. 
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Introduction 

The 'shade avoidance syndrome' (SAS), induced by above- 
ground plant-plant competition represents a classic example of 
successful adaptive environmental sensing and response [1,2]. SAS 
is manifest in many plant species upon the detection of shade 
signals from neighbouring plants in crowded habitats and 
facilitates access to better lit, upper areas in a canopy. Leaves 
absorb light of specific wavelengths such as red and blue light, 
whereas others, such as far-red light, are reflected or transmitted 
[1]. The subsequent lowering of the red to far-red photon ratio 
(R:FR) is therefore an accurate and early indicator of neighbour 
proximity even in stages of vegetation development where leaf 
overlap and shading have not yet occurred [3]. When canopy 
closure occurs, shaded plants experience a simultaneous occur- 
rence of both low R:FR and low blue. These reductions in blue 
light and R:FR are important cues that are sensed by the plant 
photoreceptors as a shading threat [3-5] and initiates a suite of 
morphological responses that constitutes the SAS. SAS includes 
enhanced shoot elongation, upward leaf movement (hyponasty), 
reduced apical dominance and acceleration of flowering [1,2,4,6]. 
Shade-induced stem and petiole elongation involve primarily 
cellular expansion. Cellular expansion occurs when cell walls yield 



to turgor pressure within the cell resulting in a relaxation of wall 
stress. This 'cell-wall loosening' is the result of proteins that modify 
cell-wall structure [7,8]. Two such protein families implicated in 
shade avoidance are expansins [9,10] and xyloglucan endotrans- 
glucosylase/hydrolases (XTHs) [11,12]. Upstream of the expan- 
sins and XTHs are various components regulating SAS. Amongst 
these is the phytohormone auxin, which is an important regulator 
of shade-induced growth responses in plants [13]. Shade cues 
result in an increase in both the biosynthesis and activity of auxin 
in elongating organs [14-18]. Furthermore, in Arabidopsis 
seedlings exposed to low R:FR, the auxin transporter protein 
PIN-FORMED3 (PIN3) changes from a basal to lateral distribu- 
tion thus driving auxin towards the cortical and epidermal cells 
where cellular expansion occurs [19]. 

Cortical microtubules (cMTs) are highly dynamic structures that 
are important regulators of directional growth [20,21]. cMT 
dynamics are influenced by environmental and hormonal factors 
and are therefore important sensors translating environmental 
cues to changes in plant growth [22,23]. Although cMTs can be 
found in different patterns in the cell, most elongating cells display 
a transverse orientation (with respect to the long axis of the cell) 
[22,24]. The disruption of these cMTs either using drugs [25] or 
due to a genetic mutation as seen in Arabidopsis mutants such as 
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microtubule organization! -1 (morl-1) [26], tonneau [27] or boterol [28] 
leads to a loss of growth anisotropy and a characteristic swelling of 
the cells and organ. Similar effects are also seen when cellulose 
synthesis is inhibited using chemicals or in Arabidopsis cellulose 
deficient mutants such as radially swollen! -1 (rswl-1) [29,30], 
korrigan (kor/rsu>2) [31,32] and kobito [33] where the organization of 
the cellulose microfibrils (CMFs) is disrupted. Furthermore most 
elongating cells show a predominandy transverse orientation of 
both CMFs and cMTs. This coupled with studies demonstrating 
co-localization of cMTs and cellulose synthase complexes [34], has 
led to a model wherein cMTs control growth anisotropy by 
restricting cellulose deposition to certain parts of the cell wall, 
thereby constraining growth in one direction [20]. However, there 
have also been findings that demonstrated that this co-alignment 
could be uncoupled [25,35]. It is now suggested that cMTs control 
the initial guidance of cellulose synthesizing complexes and 
subsequent CMF deposition could continue independently of 
cMTs. Regardless of the ambiguity of the cMT-CMF relationship, 
it is very well possible that other mechanisms exist via which cMTs 
could regulate the properties of the cell wall and therefore mediate 
growth regulation. 

A recent study [36] has connected cMT orientation with the 
cellular localization of PIN proteins and thus polar auxin 
transport. Considering the important role of auxin and polar 
auxin transport in mediating shade avoidance responses, we 
investigated the role of cMTs in mediating shade-induced petiole 
elongation in Arabidopsis via regulation of auxin transport. Our 
results show that intact cMTs are needed for rapid unidirectional 
petiole growth during shade avoidance. When cMT organization 
is disrupted, the auxin redistribution that is required for the SAS is 
lost. We hypothesize that as a consequence of this, the XTH 
induction by shade is reduced as well. 

Results 

Shade avoidance responses in Arabidopsis require intact 
cMTs 

Arabidopsis (Col-0) plants exposed to green shade for 24 h 
showed typical shade avoidance features (Figure 1A, IB). Green 
shade is composed of reduced R:FR, reduced blue and reduced 
PAR; a realistic mimic of true shade underneath an overcast 
canopy. Shaded plants had petiole growth rates almost double that 
of control plants (Figure IE) and displayed hyponastic leaves 
(Figure 1A, IB). In order to determine the effect of cMT disruption 
on shade avoidance, plants were treated with the cMT disrupting 
drug oryzalin. Based on an earlier study [37] on plants at a similar 
developmental stage as used in this investigation and a dose- 
response assay (Figure SI), a thin film of oryzalin (200 uM) was 
applied to the petiole surface of rosette-stage plants that effectively 
disrupted cMTs without noticeable toxicity symptoms. Consider- 
ing the mode of application and the presence of the cuticle as a 
barrier, we expect the effective concentration within the cells to be 
much lower than the applied concentration. Oryzalin pre-treated 
plants did not enhance petiole elongation upon green shade 
treatment. Petiole elongation rates in these plants were similar to 
untreated plants grown in shade (Figure IE). Furthermore, 
disruption of cMTs also resulted in reduced shade-induced leaf 
hyponasty (Figure ID). Genetic disruption of cMTs using the 
temperature sensitive morl-1 mutant showed similar results where 
the mutant displayed severely reduced shade-induced petiole 
elongation rates (Figure S2) validating the results of the 
pharmacological approach using oryzalin. MORI is a microtubule 
associated protein essential for CMT organization, morl-1 mutants 
display wild type characteristics at 20°C and transfer to the 
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Figure 1. Shade avoidance in Arabidopsis requires intact 
cortical microtubules. (A-D) Arabidopsis (Col-0) plants after 24 h 
of white light (white bars) or green shade treatment with or without an 
oryzalin pre-treatment. (E) Petiole growth rates for Col-0 plants 
subjected to 24 h of control (white light; white bars) or green shade 
(gray bars) with or without oryzalin pre-treatment. Data points 
represent means ± SE (n = 10). Different letters above each bar indicate 
statistically significant differences (P<0.05, Tukey's b test). 
doi:10.1371/journal.pone.0090587.g001 

restrictive temperature of 30°C results in the disruption of only the 
CMT array [26]. 

cMT disruption affects auxin activity and transport 

Since auxin is an important regulator of the shade avoidance 
response [14,19] we measured the expression of several genes 
known to be auxin responsive (Figure 2). Indeed, their expression 
levels were induced upon green shade (Figure 2A-2D). The 
expression of IAA19 was also visualized using the pIAA19-GUS 
reporter line where intense GUS staining was observed primarily 
in the elongating organ i.e. petiole under green shade conditions 
(Figure 2E-2H). 

Interestingly, oryzalin treatment resulted in the repression of the 
green shade induced expression of these auxin-inducible genes 
(Figure 2A-2D), which was also visible as a decrease in the 
intensity of staining throughout the petioles in oryzalin treated 
pIAA19-GUS plants (Figure 2E-2H). These results showed that 
cMTs could modulate the level of auxin response, which in itself is 
crucial to the shade-induced elongation response. 

Auxin can modulate cMTs dynamics during shade 
avoidance 

To visualize the orientation dynamics of cMTs in Arabidopsis 
petioles, GFP-TUA 6 plants were used. cMTs were imaged in cells 
of petioles from green shade and control plants and dynamics were 
quantified using five orientation classes (Figure 3A). At the start of 
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Figure 2. Perturbation of cortical microtubules affects auxin activity during shade avoidance. (A-D) Relative transcript abundance of 
selected auxin activity marker genes after 24 h of white light (white bars) or green shade (gray bars) treatment with or without oryzalin pre- 
treatment. Values are expressed on a log2 fold scale and were normalized using AtUBQW as an internal control. Data points represent means ± SE 
(n = 5). Different letters above each bar indicate statistically significant differences (P<0.05, Tukey's b test). (E-H) Visualization of auxin activity in 
plAA19-GUS transgenic lines after 24 h of white light or green shade treatment with or without oryzalin pre-treatment. Images are of leaves from 
representative plants processed to visualize GUS staining. 
doi:1 0.1 371 /journal.pone.0090587.g002 



the experiment more than 80% of the cMTs scored were in the 
90°-orientation class (longitudinal to the growth axis) (Figure 3). At 
subsequent time points, starting from 5 h after treatment start, in 
green shade treatment, zero 0 (transverse to the growth axis) was 
always the predominant orientation class. In contrast, cMTs in 
petioles of control plants were more evenly distributed across the 
different orientation classes, gradually changing towards a high 
number of cMTs in the transverse orientation at t = 24 h 
(Figure 3C, 3G, 3E). Thus green shade promoted a faster 
transverse reorientation of cMTs in the petioles compared to 
white light controls. 

Although cMT integrity was found to affect auxin response 
genes (Figure 2), it is also known that auxin can affect cMT 
orientation [38]. The effect of auxin on green shade-mediated 
cMT orientation was experimentally investigated by treating GFP- 
TUA6 plants with the auxin transport inhibitor, NPA (Figure 4). 
cMT orientations in the control and NPA treated petioles of plants 
from green shade were then quantitated. The percentage of 
transverse cMTs dropped from ~74% in green shade treated 
petioles to ~47% in petioles pre-treated with NPA and then 
exposed to green shade (t = 5 h). These data suggest that intact 
auxin transport is needed for the green shade induced change in 
cMT orientation, whereas at the same time auxin responses seem 
to be regulated by the cMTs as well (Figure 2). 

The interplay between cMTs and XTHs in the shade 
avoidance response of Arabidopsis petioles 

XTHs are cell-wall loosening proteins that have been demon- 
strated to be functional to shade-induced petiole elongation in 
Arabidopsis [12]. In order to investigate whether the reduction of 
petiole growth rates upon cMT disruption was related to an effect 
on cell-wall modification activity, we measured XTH activity in 
Arabidopsis petioles. XTH activity was measured as Xyloglucan 
Degrading Activity (XDA) [10,39] in Arabidopsis petioles 
(Figure 5). Petioles from green shade treated plants had 
significantly increased XDA relative to petioles from control 
plants. Treatment with oryzalin caused a significant reduction in 
XDA in the petioles of green shade treated plants compared to 



that in control plants (while under control light conditions it did 
not). Again, similar results were observed in the morl-1 mutant 
under conditions that disrupted cMT organization (Figure S3). 
Thus both chemical and genetic disruption of cMTs significandy 
reduced shade-induced increase in XDA. 

We also determined whether the observed reduction of XTH 
activity in petioles of oryzalin treated plants was the result of an 
effect on XTH gene expression. There are 33 XTHs in 
Arabidopsis, but previous work [12] has identified a specific 
subset of XTHs that are up regulated in the petioles of Arabidopsis 
plants at the same developmental stage as used here. We therefore 
tested this subset (XTH 15, -16, -17, -19 and -22) and found them 
to be significantly up regulated in the petioles of green shade 
exposed plants relative to controls (Figure 6). However, in plants 
that were treated with oryzalin, the green shade-induced 
transcriptional induction of XTH 16, -77and -29was significandy 
reduced relative to their untreated green shade controls 
(Figure 6B-6D), whereas expression of XTH 15 and XTH 22 was 
not affected by oryzalin. These data show that cMT disruption 
does not (only) affect the abundance of XTHs in the cell wall but 
also affects the expression of some XTHs. We next hypothesized 
that the interaction between cMTs and auxin as shown above 
might explain this effect, since auxin is known to regulate XTH 
expression during shade avoidance as well [18]. 

Auxin regulates a specific subset of shade-induced XTH 
genes 

To investigate the relation between CMTs, auxin and XTHs, we 
first determined whether there was an overlap between auxin 
regulated XTHs and those affected by oryzalin. Auxin regulation 
of XTH genes was determined by quantitating the expression of 
shade-induced XTHs in plants treated with the auxin transport 
inhibitor NPA and the synthetic auxin 1 -naphthaleneacetic acid 
(NAA). NPA treatment significantly reduced but did not abolish 
petiole growth rates in green shade relative to untreated controls, 
indicating that polar auxin transport is at least partially required 
for this response (Figure 7A). NAA treatment stimulated petiole 
growth rates in white light grown plants compared to untreated 
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Figure 3. Cortical microtubules show typical orientation kinetics in response to shade. (A) The five microtubule orientation classes used 
to quantitate cortical microtubule dynamics in the petioles of Arabidopsis GFP-TUA6 plants during shade avoidance. (B-H) Percentage cortical 
microtubules in different orientation classes at different time points of control (WL = white light) and shade (GS = green shade) treatment. 
Microtubule areas in the epidermal cells of petioles were scored at 0 h (B), 5 h (C-D), 8 h (E-F) and 24 h (G-H) after the start of treatment. At least 3- 
5 petioles per time-point per treatment were imaged. The total number of microtubule areas scored are indicated within each panel. Inset images are 
representative of a typical microtubule orientation for that treatment and time-point. 
doi:1 0.1 371 /journal.pone.0090587.g003 



controls (Figure 7 A). Accordingly, NPA completely abolished the 
shade-induced up regulation of IAA19, whereas NAA treatment 
significantly increased its expression even in the absence of shade 
(Figure 7B). Out of the five green shade-responsive XTHs, NPA 
treatment significantly affected the green shade-induced differen- 
tial expression of XTH 16, XTH 17, XTH 19 and XTH 22 
(Figure 7D-7G). However, NAA application increased transcript 
levels of only XTH 17 and XTH 19 (Figure 7E, 7F). In order to 
further clarify whether XTH 17 and XTH 19 were the only two 



XTHs that were truly auxin regulated, we performed experiments 
with the weak ethylene insensititve8-l (wei8-l) mutant [40]. This 
mutant is defective in the TAA1 -YUCCA pathway for trypto- 
phan-derived auxin biosynthesis via indole-3-pyruvate and that is 
essential for shade avoidance [41]. Consequently, wei8-l showed 
reduced petiole growth rates in green shade relative to wild-type 
Col-0 plants (Figure 8A) and in this mutant, IAA19 expression 
levels in green shade were significantly reduced compared to wild- 
type plants (Figure 8B). Petiole elongation in normal light 
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Figure 4. Auxin affects orientation of cortical microtubules during shade avoidance. (A-B) The effect of blocking polar auxin transport on 
the orientation behavior of cortical microtubules in the petioles of GFP-TUA6 plants after 5 h of control (WL= white light) and shade (GS= green 
shade) treatment. At least 3-5 petioles per time-point per treatment were imaged. The total number of microtubule areas scored is indicated within 
each panel. 

doi:1 0.1 371 /journal.pone.0090587.g004 



conditions is unaffected in wei8-l and growth rates and 
morphology is similar to wild-type plants (Figure 8A). After 24 h 
of green shade treatment, transcript levels of XTH 1 7 and XTH 19 
were significantly reduced in wei8-l plants compared to wild-type, 
whereas XTH 15, XTH 16 and XTH 22 were induced by green 
shade in both the genotypes (Figure 8G-8G). Thus, out of the 
subset of XTHs up regulated in response to green shade, XTH 1 7 
and XTH 19 are auxin regulated, which are interestingly also the 
XTH genes whose expression is affected by the oryzalin treatment 
(Figure 6). 

Auxin application rescues the effect of cMT disruption on 
XTH gene expression 

If the disruption of cMTs affects XTH gene expression due to 
the effect on auxin re-distribution, then auxin application should 
be able to restore XTH transcript abundance to levels seen in 
untreated plants. This was investigated by applying auxin to 
oryzalin pre-treated plants before subjecting them to green shade 
conditions. Gene expression was measured for the three genes 
affected by oryzalin treatment XTH 16, XTH 17 and XTH 19 
(Figure 6) out of which the latter two were also regulated by auxin 
(Figure 7-8). Figure 9 shows that the application of synthetic auxin 
NAA in combination with oryzalin resulted in the recovery of the 
green shade-induced up regulation of XTH 17 and XTH 19, the 
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Figure 5. Perturbation of cortical microtubules affects XTH 
activity during shade avoidance. XTH activity measured as 
xyloglucan degrading activity in Col-0 petioles after 24 h of white light 
(white bars) or green shade (gray bar) treatment with or without 
oryzalin pre-treatment. Data points represent means ± SE (n = 4). 
Different letters above each bar indicate statistically significant 
differences (P<0.05, Tukey's b test). 
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two auxin regulated XTHs. These results suggest that indeed cMT 
orientation affects auxin transport, and not the auxin response 
itself, by which the XTH expression is regulated upon green shade, 
resulting in petiole elongation. 

Discussion 

Shade-induced growth and cMT reorientation 

Light limitation due to crowding by neighbours is a frequendy 
occurring stress in both natural plant distributions and agricultural 
fields. Rapid hyponastic growth and shoot elongation are early 
morphological responses of SAS and are both crucial to regain 
access to sunlight. 

In Arabidopsis intact cMTs are critical to shade-induced petiole 
elongation and hyponasty (upward leaf movement), since cMT 
disruption abolished these responses in shade treated plants 
(Figure 1, SI and S2). We are confident these effects were not a 
toxicity effect since first of all the plants did not show any visible or 
molecular toxicity symptoms and a similar application method and 
concentration was used by [37]. Secondly, genetic disruptions of 
cMT organisation by morl-1 resulted in the same defective shade- 
induced petiole elongation and XDA reduction (Figure S2 and 
S3). Thus intact cMT organization is essential for shade-induced 
petiole elongation. 

cMTs are dynamic structures and can assume different 
orientations in a cell and undergo rapid shifts between these 
[22] . Shading caused typical changes in the organization of cMTs 
in the petioles of shade avoiding plants. Within just 5 h of green 
shade treatment, about 70% of the cMTs in the epidermal cells 
were oriented transversely (to the direction of growth) (Figure 3D). 
In contrast, the epidermal cells of petioles in white light 
maintained a mixed population of cMT orientations (Figure 3C, 
3E, 3G). Orientation patterns of cMTs have been often considered 
indicators of the growth status of a cell. This is because expanding 
cells typically exhibit cMTs that are transversely oriented to the 
axis of growth and conversely non-elongating cells show cMTs 
parallel to the growth axis. The switch between different cMT 
orientations can be triggered by various endogenous and 
exogenous signals that are known to modulate growth, including 
light [38] and various hormones [42] . Studies in maize coleoptiles 
have previously demonstrated both phytochrome and blue light 
mediated cMT reorientations, possibly through control of certain 
phytohormones [38]. We found that blocking auxin transport 
affected green shade-induced cMT reorientation, with a drop in 
the percentage of transversely oriented cMTs (Figure 4). Shade 
signals increase auxin levels [14,16,17,19] and it is possible that the 



PLOS ONE | www.plosone.org 



5 



March 2014 | Volume 9 | Issue 3 | e90587 



Tripartite Control of Shade Avoidance 




Control Oryzalin 



Control Oryzalin 



White light 
Green shade 




Control Oryzalin 



Control Oryzalin 



CD 

o 
c 

03 

"D _ 

1 = 

W CO 

s-s 

o -a 
£ ° 
£5 cm 

CD 



J9 -2 

CD 



White light 
Green shade 
b 



a 



XTH22 



Control Oryzalin 



Figure 6. Perturbation of cortical microtubules affects XTH transcript abundance during shade avoidance. (A-E) Relative transcript 
abundance of five XTH genes in petioles of Col-0 plants after 24 h of white light (white bars) or green shade (gray bars) treatment with or without 
oryzalin pre-treatment. Values are expressed on a log2 fold scale and were normalized using AVJBQ10 as an internal control. Data points represent 
means ± SE (n = 5). Different letters above each bar indicate statistically significant differences (P<0.05 : Tukey's b test). 
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observed shade-induced cMT reorientation is the result of this 
auxin increase since auxin can influence cMT orientation [43,44] . 
The overall effect of different cMT orienting factors thus, appears 
to be complex and hierarchical. Shade avoidance itself involves 
more hormonal regulators in Arabidopsis than just auxin, 
including ethylene, gibberellic acid (GA) and brassinosteroids 
(BR) [18,45—47] and all these phytohormones can influence cMT 
orientations [48-50]. This combined with the observation that an 
auxin transport inhibitor did not completely abolish green shade- 
induced cMT transverse orientations (Figure 4) and petiole 
elongation, suggests that these three hormones could also 
modulate cMT dynamics during shade avoidance. This is also in 
accordance with the fact that blocking auxin transport does not 
completely block the green shade petiole elongation response 
(Figure 7A). cMT orientation in response to external light cues 
therefore, is probably the result of physiological changes resulting 
from these external signals. 



cMTs and auxin-regulated cell wall modification 

We found that cMT perturbation significantly reduced shade- 
induced increase in XTH activity (Figure 5). This could be 
explained by the fact that the up regulation of certain XTH genes 
[XTH -16, -17 and -1 9) in the petioles of shade avoiding plants was 
significandy reduced in oryzalin treated plants (Figure 6B-6D). 
The effect of oryzalin on gene expression was not a toxicity effect 
of the drug, since expression of housekeeping genes and some 
XTH genes was unaffected (Figure 6). The lack of repression of the 
expression of certain shade-regulated XTH genes to oryzalin also 
explains why XTH activity is not completely abolished upon 
treatment of oryzalin (Figure 5) or in the morl-1 mutants at 
restrictive temperature (Figure S3). 

Out of the subset of green shade-induced genes, two [XTH -17 
and -19) were auxin-regulated genes. It is not surprising that auxin 
does not regulate all shade-induced genes [18]. Blocking auxin 
transport and biosynthesis only partially blocked shade-induced 
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Figure 7. Auxin regulation of shade-induced XTHs. (A) Petiole growth rates of Col-0 plants after after 24 h of control (white bars) or green 
shade (gray bars) treatment with either an NPA or NAA pre-treatment. Data points represent means ± SE (n = 1 0). Different letters above each bar 
indicate statistically significant differences (P<0.05 : Tukey's b test). (B-G) Relative transcript abundance of five green shade-induced XTH genes after 
24 h of white light (white bars) or green shade (gray bars) treatment with either an NPA or NAA pre-treatment. Values are expressed on a log2 fold 
scale and were normalized using AtUBQW as an internal control. Data points represent means ± SE (n = 5). Different letters above each bar indicate 
statistically significant differences (P<0.05, Tukey's b test). 
doi:1 0.1 371 /journal.pone.0090587.g007 



petiole elongation (Figure 7A). This suggests that while auxin is 
important to the response it is not the sole regulator. Studies have 
suggested a role for both GA and BR in mediating elongation 



responses to shade cues [15,18,45,47]. Furthermore, there is 
evidence of a crosstalk between the auxin and BR hormone 
signaling pathways and regulation of some XTH genes by both 
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[18,46]. For example, XTH 7 rj regulation in response to blue light 
depletion involves combined auxin and BR action [18]. It is 
possible that the effect of oryzalin on XTH 1 6 transcript levels is 
because cMT disruption affects endomembrane trafficking events 
that regulate BR signaling [51]. Although endomembrane 



trafficking events in plants primarily involve the actin network, 
cMTs are suggested to regulate related events in the cortical zone 
beneath the plasma membrane [51,52]. Furthermore, data from 
cell-type specific transcript profiling of the Arabidopsis seedling 
[53,54] shows that XTH 17 and XTH 19 (but not XTH 16) are 
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enriched in shoot epidermal cells where auxin action is expected to 
be high during SAS (Figure S4). Our findings so far indicated that 
the effect of oryzalin on XTH transcript abundance was indeed 
primarily due to disruption of auxin transport. This hypothesis was 
supported by the observation that the inhibitory effect of oryzalin 
on the expression of XTH 17 and -19 could be overcome by 
applying a synthetic auxin NAA (Figure 9). 

cMTs and auxin transport 

Although auxin modulates cMT dynamics, intact cMTs seem to 
be essential to normal auxin activity as well (Figure 2). Studies 
have shown a link between cMT orientation and cellular PIN 
localization [36,52] providing a mechanism for the observed 
effects of oryzalin on auxin and XTH gene expression dynamics. 
Polar auxin transport determined by the re-distribution of PIN 
auxin efflux carriers is indeed critical for hypocotyl elongation in 
response to low R:FR and pin3-3 mutants consequently display 
reduced fitness when grown together with wild-type plants in a 
dense canopy [19]. Similar to these observations, we found lateral 
re-localization of PIN3-GFP in the endodermal cells of Arabi- 
dopsis seedlings during green shade induced hypocotyl elongation 
(Figure S5). Oryzalin treatment severely reduced hypocotyl 
elongation in response to green shade and resulted in a disturbed 
PIN3-GFP distribution (Figure S5). Furthermore, shade-mediated 
increase in PLN3 expression itself was not affected by oryzalin, 
indicating a specific effect on protein localization (Figure S6). 
These data suggest that cMTs could be important regulators of 
shade-induced changes in auxin distribution. 

cMTs have traditionally been suggested to control directional 
growth by controlling cellulose deposition. Co-localization of 
cMTs with cellulose synthesizing protein complexes [34], has led 
to a model wherein cellulose fibers laid down in a similar 
orientation would restrict growth in one direction [55]. A recent 
study found that cell wall-plasma membrane connections that 
involve cellulose-based attachments were required for mainte- 
nance of PIN locations [56]. cMTs might thus control PIN 
distribution via their control of cellulose deposition and orienta- 
tion. Furthermore, cMTs often transport numerous protein cargos 
and associations between cMTs and cell-wall modifying proteins 
[57] and protein activity has been reported [58]. It would 
therefore be possible that transversely oriented cMTs cause 
localized wall loosening via transport of cell wall modifying 
protein complexes to specific cell walls. As a result, auxin-induced 
cellular expansion would be restricted to one direction resulting in 
anisotropic growth. 



Conclusions 

Based on our results we propose the following hypothesis (Figure 
S7): Shading triggers an increase in auxin biosynthesis [14] and 
changes in cMT dynamics. The changes in cMT orientation may 
facilitate auxin re-distribution to the lateral zones of the petiole, 
notably the epidermis, where auxin dependent control of 
elongation probably occurs. Here auxin could promote directional 
cell expansion by stimulating the expression of a set of XTH genes 
that are required for loosening the cell wall, thereby facilitating cell 
expansion. This expansion will result in petiole elongation as part 
of the SAS. 

Future studies on the molecular components mediating the re- 
orientation and change in cMT dynamics and the resulting re- 
distribution of auxin in the elongating organ will provide further 
mechanistic insight into role of the cytoskeleton as an environ- 
mental sensor mediating timely morphological and physiological 
responses in plants. 

Methods 

Plant material and growth 

All wild-type (Col-0, NASC), transgenic pIAA19-GUS [59] PIN3- 
GFP [60] and mutant morl-l\26], wei8-l[40] Arabidopsis lines 
used in this study were in the Arabidopsis thaliana L. Heynh. 
Colombia-0 (Col-0) wild type background, except GFP-TUA6 (Col 
(gll) background) [61]. Seeds were sown on pots filled with a moist 
soil and perlite (1:2, v/v) mixture followed by 4 day stratification in 
the dark at 4°C. The pots were then placed in a growth chamber 
(9 h photoperiod; 180 umol m~ 2 s _1 photosynthetically active 
radiation (PAR)) for 4 d to facilitate seed germination. Seedlings 
were then transferred to 70 ml pots filled the same soil/perlite 
mixture above but supplemented with 0.14 mg MgOCaO (17%; 
Vitasol BV, Stolwijk, The Netherlands) and 0.14 mg slow-release 
fertilizer (Osmocote "plus mini"; Scotts Europe bv, Heerlen, The 
Netherlands) and nutrient solution (20 ml per pot) [62]. Pots 
containing seedlings were then placed on automatically watered 
irrigation mats in the growth chamber (9 h photoperiod; 1 80 umol 
m -2 s _1 PAR) for four weeks. 

For seedling growth, seeds were first surface sterilized for 10 
minutes in a bleach:ethanol (2:8; v/v) mixture followed by ethanol 
and water washes. Seeds were then individually sown (~25 seeds 
per plate) on solid agar plates with 8 g L -1 agar and 0.22 g L -1 
Murashige and Skoog (Duchefa Haarlem, The Netherlands). The 
plates were then stratified for 3 d in the dark at 4°C and then 
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germinated in a growth chamber with 180 Umol m 2 s 1 PAR 
and 16 h photoperiod at 20°C. 45 h after germination plates were 
placed in a green shade treatment or control light conditions 
(defined above). After the light treatment seedlings were photo- 
graphed and hypocotyl lengths measured from these images using 
the software Image J. 

Light and temperature treatments 

Plants were used for experiments four weeks after transplant to 
individual pots. For every experiment 'control' conditions refer to 
plants grown in standard white light conditions in a climate 
controlled growth chamber with an unaltered spectral composition 
and a PAR of 180 umol m" 2 s" 1 . To mimic light conditions in a 
dense canopy (green shade), a green color filter (Lee 122 Fern 
Green) was added to the white light background. This reduced 
PAR to 65 umol m" 2 s" 1 , the R:FR to 0.19 and the blue light 
photon fluence rate to 2 umol m~ 2 s -1 . All experiments were 
started at 10 am. 

The temperature sensitive mutant morl-1 was used for the 
genetic disruption of cMTs. MORI is a microtubule associated 
protein essential for cMT organization, morl-1 mutants display 
wild-type characteristics at 20°C and transfer to the restrictive 
temperature of 30°C results in the disruption of only the cMT 
array [26]. For experiments with morl-1 mutants, plants growing 
at the permissive temperature of 20°C were put into a growth 
cabinet (with similar growth conditions as mentioned above) at the 
restrictive temperature of 30°C all other growth conditions 
remaining identical, morl-1 plants were allowed to stay at the 
restrictive temperature for 24 h to allow disruption of cMTs before 
start of the green shade treatment. 

Chemical applications 

The chemical oryzalin (Sigma, USA) was used to depolymerise 
cMTs. The concentration of oryzalin needed was determined 
using a dose-response curve (Figure SI) and is similar to that used 
in [37]. Petioles of four-week-old GFP-TUA6 plants were brushed 
with an oryzalin solution (200 uM in water and 2% DMSO; 
containing 0. 1 % Tween 20) a day before the start of the treatment. 
This allowed disruption of cMTs prior to the start of the green 
shade treatment. Control plants were brushed with water 
containing equal volumes of DMSO and Tween 20. Control 
and oryzalin treated plants were then transferred to control and 
green shade growth conditions for 24 h. The chemical NPA was 
used to block polar auxin transport. NAA was used as a synthetic 
auxin. NAA and NPA (both 25 uM in 2% DMSO; containing 
0. 1 % Tween 20) were applied to plants using a brush. NAA was 
applied just before the start and twice during the treatment that 
lasted 24 h. Control plants were brushed with a mock solution. For 
experiments with seedlings, 150 ul of an oryzalin stock solution 
was applied as a thin layer to the surface of the agar, 8 h before the 
light treatment started at a final concentration of 20 uM. 

Measurement of plant growth 

Care was taken to choose similar sized plants. The same leaf in 
each pot was marked with a small paint dot and the corresponding 
petiole length was measured using a digital caliper at relevant time 
points at the start and duration of specific drug and light 
treatments. For each treatment petiole lengths were measured 
from at least ten individual plants. Measurements were made for 
three independent trials. 



XTH activity measurement 

Petioles from control and treated plants were harvested, 
immediately frozen in liquid nitrogen and stored at — 80°C until 
they were ready to be used. Enzyme extracts (from at least 20-30 
pooled petioles per biological replicate) and XTH activity 
measurements were as described in [12]. These enzyme extracts 
were used for the measurement of xyloglucan degrading activity 
(XDA) which is the sum of both the transglycosylating and 
hydrolytic activity of XTHs [63]. XDA can also include the 
hydrolytic activity of non-specific endoglucanases. However, 
parallel assays run to detect the possible contribution of 
endoglucanase hydrolytic activity showed that this was negligible 
at the termination of the assay. XDA expressed in this study can 
therefore be taken as a measure of transglucosylating activity 
expressed as percentages of XDA per microgram of cell wall 
protein. Protein estimation was performed using the Bradford 
assay using a commercially available Bradford reagent (BioRad, 
Veenendaal, The Netherlands) [64] . Each experiment used at least 
three biological replicates. Experiments were repeated at least 
twice. 

Real time RT-PCR 

Petioles were harvested from relevant Arabidopsis lines 24 h 
after different light, hormone and inhibitor treatments. Per plant 
the same petiole was harvested as used in other experiments. 8-10 
petioles were pooled to form one biological replicate. After 
harvest, plant material was immediately frozen and stored at — 
80°C. Total RNA was extracted using the RNeasy plant mini kit 
(Qiagen Inc, USA) and reverse transcribed using random 
hexamers and Superscript III Reverse transcriptase (Invitrogen). 
The resulting cDNA was used as a template for Real-time RT- 
PCR using AtUBQIO and AtEFIA as internal standards (Table SI). 
The reaction contained (in a total volume of 20 ul) 10 ul of SYBR 
Green Supermix (Bio-Rad, no 170-8882), 50 ng cDNA (25 ng for 
18S rRNA) and gene specific primers (Table SI). Results shown 
are using AtUBQl 0 as an internal reference gene. However, similar 
results were obtained with AtEFIA. The following program was 
used for all the genes tested: 3 min at 95°C followed by 40 cycles 
of 30 s at 95°C, 30 s at gene specific annealing temperature (Table 
SI), 60 s at 72°C. Primer design and annealing temperatures were 
optimized for each primer pair so as to result in specific 
amplification of the transcript of interest while avoiding the 
formation of primer dimers. The Ct value for each gene was 
normalized relative to the Ct value of the internal reference genes. 
Relative transcript levels were calculated using the comparative Ct 
method [65]. 

Confocal imaging 

GFP-TUA6: Leaves from four week old Arabidopsis GFP-TUA6 
plants growing in green shade and control light treatments were 
detached from the plant at specific time points (5 h, 8 h and 24 h) 
just before visualization with the confocal microscope. Different 
parts of the petiole were imaged using an inverted confocal laser 
scanning microscope (Zeiss CLSM Pascal, 40X C-apochromat 
objective), in order to visualize the cMTs in the epidermal cells. 
The excitation wavelength was 488 nm, and for GFP emission a 
505-530 nm bandpath filter was used. Care was taken to ensure 
that petioles were not subjected to the laser beam for more than 5 
minutes. 

PIN3-GFP: Seedlings from green shade and control light 
treatments with or without oryzalin treatment were imaged using a 
confocal laser scanning microscope (Zeiss CLSM Pascal, 40X C- 
apochromat objective) with similar settings as above. Light 
treatments lasted 8 h. 
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Quantitation of cMT orientation 

Quantitation of the cMT orientation in the epidermal cells was 
done as described in [66]. Briefly, cMT orientations were classified 
into the following five groups (perpendicular to the growth axis): 
randomly oriented, transverse (0°), 30° oblique (30°), 60° oblique 
(60°) and longitudinal (90°). Only areas of cMTs that were twice as 
long as the cell width were included in the quantitation. For each 
treatment, at least 3 petioles from individual plants were imaged 
per time point. Experiments were repeated twice (with similar 
results in individual experiments) and the data pooled. 

GUS staining 

Leaves from pIAA19-GUS plants subjected to different treat- 
ments were harvested and immediately placed in cold acetone 
followed by vacuum infiltration. The acetone was then replaced by 
staining buffer (0.1 M phosphate buffer) containing 100 mM 
ferrocyanide and ferricyanide, followed by vacuum infiltration. 
The staining buffer was then replaced with fresh staining buffer 
containing 1 mM 5-bromo-4-chloro-3-indolyl glucuronide (X- 
Gluc) followed by another round of vacuum infiltration till all 
the samples sank. The samples were then incubated at 37°C 
overnight. Staining was stopped by replacing the X-gluc with 
alcohol. The samples were then cleared by passing through a 
graded alcohol series after which they were photographed using an 
Epson flatbed scanner. 

Statistical analyses 

For all growth rates and real-time RT-PCR measurements, 
treatments and their respective controls were analysed using a two- 
way ANOVA followed by Tukey's b test (SPSS V18). 

Accession numbers 

Accession numbers for all genes used in this study are listed in 
Table SI. 

Supporting Information 

Figure SI Oryzalin reduces shade-induced petiole elon- 
gation. (A) The effect of increasing concentrations of oryzalin on 
petiole elongation rates in green shade (gray circles) and white light 
(white circles). Data points represent means ± SE (n=10). 
Different oryzalin concentrations were applied to petioles before 
the start of the green shade treatment. (B-C) Cortical microtu- 
bules in the epidermal cells of GFP-TUA6 petioles without (B) and 
with (C) 200 urn oryzalin treatment followed by green shade 
treatment (24 h). 
(TIF) 

Figure S2 Shade-induced petiole elongation in the 
morl-1 mutant. Petiole growth rates for Col-0 (wild-type) and 
morl-1 temperature sensitive mutant plants subjected to 24 h of 
control (white light; white bars) or green shade (gray bars) at (A) 
permissive (20°C) and (B) restrictive (30°G) temperatures. Data 
points represent means ± SE (n= 10). Different letters above each 
bar indicate statistically significant differences (P<0.05, Tukey's b 
test). 
(TIF) 
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Figure S3 XTH activity in the morl-1 mutant. XTH 

activity measured as xyloglucan degrading activity in wild-type 
(Col-0) and morl-1 petioles after 24 h of control (white bars) or 
green shade (gray bars) at (A) permissive (20°C) and (B) restrictive 
(30°C) temperatures. Data points represent means ± SE (n = 4). 
Different letters above each bar indicate statistically significant 
differences (P<0.05, Tukey's b test). 
(TIF) 

Figure S4 Cell-type specific expression of XTH 16, -17 
and -19. Cell-type specific transcript abundance of XTH genes in 
Arabidopsis shoots. Abundance of XTH 16, 17 and 19 based on 
the amount of these transcripts associated with ribosomes. Data is 
based on the cell type-specific expression lines and data for control 
conditions described in Mustroph et al., 2009 and obtained from 
the online cell type specific eFP translatome browser (http:/ /efp. 
ucr.edu). Images also indicate the regions in the shoot where the 
cell type specific promoters are expressed. 
(TIF) 

Figure S5 Polar auxin transport during shade avoid- 
ance is disturbed by disruption of cortical microtubules. 

(A) Hypocotyl lengths of Col-0 seedlings after 3 d of control (white 
bars) or green shade (gray bar) treatment with or without oryzalin 
pre-treatment. Data points represent means ± SE (n = 30-60). 
Different letters above each bar indicate statistically significant 
differences (P<0.05, Tukey's b test). (B-D) Confocal images of the 
hypocotyls of PIN3-GFP seedlings after 3 d of control (B) or green 
shade (C) treatment and green shade with an oryzalin pre- 
treatment (D). Images are representative of at least 5 seedlings that 
were imaged per treatment from 2 independent trials. 
(TIF) 

Figure S6 Relative transcript abundance of AtPIN3 in 
the petioles of white light or green shade treated plants 
with (black bars) or without (white bars) oryzalin 
treatment. Data points represent means ± SE (n = 3-4). There 
were no significant differences between control and oryzalin 
treated samples (P<0.05, students t test). 
(TIF) 

Figure S7 Tripartite interactions between auxin, XTHs 
and cortical microtubules in the shade avoidance 
response in Arabidopsis. 

(TIF) 

Table SI Primers used for quantitative RT-PCR. 

(DOCX) 

Acknowledgments 

We thank Prof. Julia Bailcy-Serres (University of California, Riverside) for 
valuable comments and discussions and Prof. Douglas G. Mucnch 
(University of Calgary) for the GFP-TUA seeds. 

Author Contributions 

Conceived and designed the experiments: RS DK RP. Performed the 
experiments: RS DK RK. Analyzed the data: RS DK. Wrote the paper: 
RS DK LACJV RP. 



3. Ballare GL, Scopcl AL, Sanchez RA (1990) Par-red radiation reflected from 
adjacent leaves: An early signal of competition in plant canopies. Science 247: 
329-332. 

4. Vandcnbusschc F, Pierik R, Millcnaar FF, Voesenek LA, Van Der Straeten D 
(2005) Reaching out of the shade. Curr Opin Plant Biol 8: 462-468. Available: 



PLOS ONE | www.plosone.org 



11 



March 2014 | Volume 9 | Issue 3 | e90587 



Tripartite Control of Shade Avoidance 



http:/ / www.ncbi.nlm. nih.gov/cntrcz/ query .fcgi? cm d — Retrieve&db — PubMcd 
&dopt = Citation&list_uids = 16040269. 

5. Kcuskamp DH, Sasidharan R, Pierik R (2010) Physiological regulation and 
functional significance of shade avoidance responses to neighbors. Plant 
Signalling and Behaviour 5: 655-662. 

6. Martinez- Garcia JF, Galstyan A, Salla-Martret M, Cifuentes-Esquivel N, 
Gallemi M, ct al. (2010) Regulatory components of shade avoidance syndrome. 
Adv Bot Res 53: 65-1 16. 10. 1016/S0065-2296(10)53003-9. 

7. Cosgrove DJ (2005) Growth of the plant cell wall. Nature Reviews Molecular 
Cell Biology 6: 850—861. Available: http://www.ncbi.nlm.nih.gov/cntrez/ 
query .fcgiPcmd = Retrieve&db = PubMed&dopt = Citation&list_ 
uids= 16261190. 

8. Sasidharan R, Voesenek LAGJ, Pierik R (2011) Cell wall modifying proteins 
mediate plant acclimatization to biotie and abiotic stresses. Grit Rev Plant Sci 
30: 548-562. 10.1080/07352689.2011.615706. 

9. Cosgrove DJ (2000) Loosening of" plant cell walls by expansins. Nature 407: 321— 
326. 

10. Sasidharan R, Chinnappa GC, Voesenek LACJ, Pierik R (2008) The regulation 
of" cell wall extensibility during shade avoidance: A study using two contrasting 
ecotypes of SteUaria longipes. Plant Physiol 148: 1557-1569. Available: http:// 
www.plantphysiol.org/ cgi/ content/ abstract/ pp. 108. 1 255 18vl . 

11. Rose JKC, BraamJ, Fry SC, Nishitani K (2002) The XTH family of enzymes 
involved in xyloglucan cndotransglucosylation and cndohydrolysis: Current 
perspectives and a new unifying nomenclature. Plant and Cell Physiology 43: 
1421. 

12. Sasidharan R, Chinnappa GG, Staal M, Elzcnga JTM, Yokoyama R, ct al. 
(2010) Light quality-mediated petiole elongation in arabidopsis during shade 
avoidance involves cell wall modification by xyloglucan endotransglueosylase/ 
hydrolases. Plant Physiol 154: 978-990. 10.1 104/pp. 1 10. 162057. 

13. Morelli G, Ruberti I (2000) Shade avoidance responses, driving auxin along 
lateral routes. Plant Physiol 122: 621-626. 

14. Tao Y, Ferrer J, Ljung K, Pojcr F, Hong F, ct al. (2008) Rapid synthesis of auxin 
via a new tryptophan-dependent pathway is required for shade avoidance in 
plants. Cell 133: 164-176. 10.1016/j.cell.2008.01.049. 

15. Pierik R, Djakovic-Petrovic T, Keuskamp DH, dc Wit M, Voesenek LAGJ 
(2009) Auxin and ethylene regulate elongation responses to neighbor proximity 
signals independent of gibbcrellin and DELLA proteins in arabidopsis. Plant 
Physiol 149: 1701-1712. 10.1 104/pp. 108. 133496. 

16. Hornitschek P, Kohnen MV, Lorrain S, Rougemont J, Ljung K, et al. (2012) 
Phytoehromc interacting factors 4 and 5 control seedling growth in changing 
light conditions by directly controlling auxin signaling. Plant Journal 71: 699- 
711. 10.1111/j.l365-313X.2012.05033.x. 

17. Li L, Ljung K, Breton G, Schmitz RJ, Pruncda-Paz J, et al. (2012) Linking 
photoreceptor excitation to changes in plant architecture. Genes Dev 26: 785— 
790. 10.1101/gad.l87849.112. 

18. Kcuskamp DH, Sasidharan R, Vos I, Peeters AJM, Voesenek LAGJ, et al. (201 1) 
Bluc-light-mediated shade avoidance requires combined auxin and brassinostcr- 
oid action in arabidopsis seedlings. Plantjournal 67: 208-217. 10.1 1 1 1/j. 1365- 
313X.201 1.04597.x. 

19. Kcuskamp DH, Pollmann S, Voesenek LACJ, Pectcrs AJM, Pierik R (2010) 
Auxin transport through PIN-FORMED 3 (PIN3) controls shade avoidance and 
fitness during competition. Proe Natl Acad Sci USA 107: 22740-22744. 
10.1073/pnas.l013457108. 

20. Baskin TI (2001) On the alignment of cellulose microfibrils by cortical 
microtubules: A review and a model. Protoplasma 215: 150—171. Available: 
http://dx.doi.org/ 1 0. 1 007 /BFO 1 2803 11. 

21. Dixit R, Cyr R (2004) The cortical microtubule array: From dynamics to 
organization. Plant Cell 16: 2546—2552. Available: http://www.plantecll.org. 

22. Hush JM, Overall RL. (1996) Cortical microtubule reorientation in higher 
plants: Dynamics and regulation. J Microse 181: 129-139. Available: http://dx. 
doi.org/ 1 0. 1046/j. 1 365-28 1 8. 1 996. 1 06386.x. 

23. Wang G, Zhang L, Chen W (2011) Plant cortical microtubules are putative 
sensors under abiotic stresses. Biochemistry-Moscow 76: 320—326. 10.1134/ 
S00062979 11030047. 

24. Nick P, Bcrgfcld R, Sehafer E, Schopfer P (1990) Unilateral reorientation of 
microtubules at the outer epidermal wall during photo- and gravitropic 
curvature of maize eoleoptiles and sunflower hypocotyls. Planta 181: 162—168. 
Available: http://dx.doi.org/ 1 0. 1 007 /BF024 1 1 533. 

25. Sugimoto K, Himmclspach R, Williamson RE, Wasteneys GO (2003) Mutation 
or drug-dependent microtubule disruption causes radial swelling without altering 
parallel cellulose microfibril deposition in arabidopsis root cells. Plant Cell 15: 
1414. 

26. Whittington AT, Vugrek O, Wei KJ, Hasenbein NG, Sugimoto K, ct al. (2001) 
MORI is essential for organizing cortical microtubules in plants. Nature 610— 
612. 

27. Camillcri G, Azimzadch J, Pastuglia M, Bellini C, Grandjean O, et al. (2002) 
The arabidopsis TONNEAU2 gene encodes a putative novel protein 
phosphatase 2A regulatory subunit essential for the control of the cortical 
cytoskclcton. Plant Cell 14: 833-845. Available: http://www.plantcell.org/cgi/ 
content/ abstract/ 14/4/833. 

28. Bichct A, Dcsnos T, Turner S, Grandjean O, Hoftc H (2001) BOTEROl is 
required for normal orientation of cortical microtubules and anisotropic cell 
expansion in arabidopsis. Plant J 25: 137-148. Available: http://dx.doi.org/10. 
1 1 1 1/j. 1 365-3 1 3X.200 1 .00946.x. 



29. Williamson RE, BurnJE, Birch R, Baskin TT, Arioli T, ct al. (2001) Morphology' 
of rswl, a cellulose-deficient mutant of arabidopsis thaliana. Protoplasma 215: 
116-127. Available: http://dx.doi.org/10.1007/BF01280308. 

30. Arioli T, Peng L, Betzner AS, Burn J, Wittkc W, ct al. (1998) Molecular analysis 
of" cellulose biosynthesis in arabidopsis. Science 279: 717-720. Available: http:/ / 
www.scicnccmag.org/cgi/ content/abstract/279/535 1/717. 

31. Nicol F, His I, Jauneau A, Vcrnhcttes S, Canut H, ct al. (1998) A plasma 
membrane -bound putative endo-l,4-beta-D-glucanase is required for normal 
wall assembly and cell elongation in arabidopsis. EMBO J 17: 5563—5576. 

32. Lane DR, Wiedemcicr A, Peng L, Hoftc H, Vernhettes S, et al. (2001) 
Temperature-sensitive alleles of RSW2 link the KORRIGAN cndo-l,4-{beta}- 
glucanase to cellulose synthesis and cytokinesis in arabidopsis. Plant Physiol 126: 
278-288. Available: http:/ / www.plantphysiol.org/cgi/ content/ abstract/ 126/ 
1/278. 

33. Pagant S, Bichet A, Sugimoto K, Lerouxel O, Dcsprcz T, ct al. (2002) 
KOBITOl encodes a novel plasma membrane protein necessary for normal 
synthesis of cellulose during cell expansion in arabidopsis. Plant Cell 14: 2001- 
2013. Available: http://www.plantcell.org/cgi/ content/ abstract/ 1 4/ 9/200 1 . 

34. Parcdez AR, Somerville CR, Ehrhardt DW (2006) Visualization of cellulose 
synthase demonstrates functional association with microtubules. Science 312: 
1491-1495. 

35. Himmelspach R, Williamson RE, Wasteneys GO (2003) Cellulose microfibril 
alignment recovers from DCB-induccd disruption despite microtubule disorga- 
nization. Plant J 36: 565-575. Available: http://dx.doi.org/10. 1046/j. 1365- 
313X.2003.01906.X. 

36. Kakar K, Zhang H, Scheres B, Dhonukshe P (2013) CLASP-mediated cortical 
microtubule organization guides PIN polarization axis. Nature 495: 529-+. 
10.1038/naturell980. 

37. Polko JK, van Zanten M, van Rooij JA, Maree AFM, Voesenek LACJ, et al. 
(20 1 2) Ethylcnc-induccd differential petiole growth in arabidopsis thaliana 
involves local microtubule reorientation and cell expansion (vol 193, pg 339, 
2012). NewPhytol 193: 1098-1098. 10.1 1 1 1/j. 1469-8137. 201 1.04042.x. 

38. Zandomcni K, Schopfer P (1993) Reorientation of microtubules at the outer 
epidermal wall of maize eoleoptiles by phytoehromc, blue-light photoreceptor, 
and auxin. Protoplasma 173: 103-112. Available: http://dx.doi.org/10.1007/ 
BFO 1378999. 

39. Soga K, Wakabayashi K, Kamisaka S, Hoson T (2006) Hypergravity induces 
reorientation of cortical microtubules and modifies growth anisotropy in azuki 
bean epicotyls. Planta 224: 1485-1494. Available: http://dx.doi.org/10.1007/ 
s00425-006-0319-8. 

40. Stepanova AN, Robertson-Hoyt J, Yun J, Benavente LM, Xic D, et al. (2008) 
TAAl-mediated auxin biosynthesis is essential for hormone crosstalk and plant 
development. Cell 133: 177-191. 10.1016/j.cell.2008.0L047. 

41. Won C, Shcn X, Mashiguchi K, Zheng Z, Dai X, ct al. (2011) Conversion of 
tryptophan to indole-3-aeetie acid by TRYPTOPHAN AMINOTRANSFER- 
ASES OF ARABIDOPSIS and YUCCAs in arabidopsis. Proc Natl Acad 
Sci USA 108: 18518-18523. 10.1073/pnas. 1 108436108. 

42. Shibaoka H (1994) Plant hormone-induced changes in the orientation of cortical 
microtubules: Alterations in the cross-linking between microtubules and the 
plasma membrane. Annu Rev Plant Physiol 45: 527-544. Available: http:// 
arjournals.annualrcvicws.org/doi/abs/ 10. 1 146/annurev.pp. 45. 060 194.002523. 

43. Nick P, Sehafer E, Furuya M (1992) Auxin redistribution during 1st positive 
phototropism in corn eoleoptiles. Plant Physiol 99: 1302-1308. 10.1104/ 
pp.99.4.1302. 

44. Fischer K, Schopfer P (1997) Interaction of auxin, light, and mechanical stress in 
orienting microtubules in relation to tropic curvature in the epidermis of" maize 
eoleoptiles. Protoplasma 196: 108-116. 10.1007/BF01281064. 

45. Djakovic-Petrovic T, dc Wit M, Voesenek LA, Pierik R (2007) DELLA protein 
function in growth responses to canopy signals. Plant J 51: 1 17-126. Available: 
http:/ / www.nebi.nlm. nih.gov/ cntrcz/query.fcgi?cmd - Retrieve&db — PubMcd 
&dopt = Citation&list_uids = 1 7488236. 

46. Kozuka T, KobayashiJ, Horiguehi G, Demura T, Sakakibara H, ct al. (2010) 
Involvement of auxin and brassinostcroid in the regulation of petiole elongation 
under the shade. Plant Physiol 153: 1608-1618. 10. 1 104/pp. 1 10. 156802- 

47. Keller MM, Jaillais Y, Pcdmalc UV, Moreno JE, Chory J, et al. (2011) 
Cryptochromc 1 and phytoehromc B control shade-avoidance responses in 
arabidopsis via partially independent hormonal cascades. Plant J 67: 195—207. 
10.1 1 1 1/j. 1 365-313X.201 1 .04598.x. 

48. Roberts IN, Lloyd CW, Roberts K (1985) Ethylene-induced microtubule 
reorientations - mediation by helical arrays. Planta 164: 439-447. 10.1007/ 
BF00395959. 

49. Ishida K, Katsumi M (1992) Effects of gibberllin and abseisie acid on the cortical 
microtubule orientation in hypocotyl cells of light-grown cucumber seedlings. 
IntJ Plant Sci 153: 155-163. Available: http://www.jstor.org/stable/2995637. 

50. Catterou M, Dubois F, Schaller H, Aubanelle L, Vilcot B, et al. (2001) 
Brassinosteroids, microtubules and cell elongation in Arabidopsis thaliana. II. 
effects of brassinosteroids on microtubules and cell elongation in the bull 
mutant. Planta 212: 673-683. 10.1007/s004250000467. 

51. Boutte Y, Vernhettes S, Satiat-Jcunemaitre B (2007) Involvement of the 
cytoskclcton in the secretory pathway and plasma membrane organisation of 
higher plant cells. Cell Biol Int 31: 649-654. 10.1016/j.ccllbi.2007.01.006. 

52. Boutte Y, Crosnier MT, Carraro N, Traas J, Satiat-Jcunemaitre B (2006) The 
plasma membrane recycling pathway and cell polarity in plants: Studies on PIN 
proteins. J Cell Sci 119: 1255-1265. 10. 1242/jcs.02847. 



PLOS ONE | www.plosone.org 



12 



March 2014 | Volume 9 | Issue 3 | e90587 



Tripartite Control of Shade Avoidance 



53. Mustroph A, Jang G, Bailcy-Scrrcs J (2006) Cell type specific arabidopsis cFP 
browser. Available: http://efp.ucr.edu. 

54. Mustroph A, Zanetti ME, Jang CJH, Holtan HE, Repetti PP, et al. (2009) 
Profiling translatomes of discrete cell populations resolves altered cellular 
priorities during hypoxia in arabidopsis. Proe Natl Acad Sci USA 106: 18843- 
18848. 

55. Lloyd C (2006) Plant science - microtubules make tracks for cellulose. Science 
312: 1482-1483. 

56. Fcraru E, Feraru MI, Kleine-VehnJ, Martiniere A, Mouille G, et al. (201 1) PIN 
polarity maintenance by the cell wall in arabidopsis. Current Biology 21: 338— 
343. 10.1016/j.cub.201 1.01.036. 

57. Chuong SDX, Good AG, Taylor GJ, Freeman MC, Moorhcad GBG, et al. 
(2004) Large-scale identification of tubulin-binding proteins provides insight on 
subcellular trafficking, metabolic channeling, and signaling in plant cells. Mol 
Cell Proteomics 3: 970-983. Available: http://www.mcponline.org/cgi/ 
content/ abstract/ 3/10/970. 

58. Vissenberg K, Fry SC, Pauly M, Hofte H, Verbelen J (2005) XTH acts at the 
microfibril-matrix interface during cell elongation. J Exp Bot 56: 673—683. 
Available: http:/ /jxb. oxfordjournals.org/cgi/ content/ abstract/ 56/4 12/673. 

59. Tatcmatsu K, Kumagai S, Muto H, Sato A, Watahiki MK, et al. (2004) 
MASSUGU2 encodes aux/IAA19, an auxin-regulated protein that functions 
together with the transcriptional activator NPH4/ARF7 to regulate differential 



growth responses of hypocotyl and formation of lateral roots in arabidopsis 
thaliana. Plant Cell 16: 379-393. 10.1 105/tpc.l08630. 

60. Zadnikova P, PetrasekJ, Marhavy P, Raz V, Vandenbussche F, et al. (2010) 
Role of PIN-mediated auxin efflux in apical hook development of arabidopsis 
thaliana. Development 137: 607-617. 10.1242/dev.041277. 

61. Ueda K, Matsuyama T, Hashimoto T (1999) Visualization of microtubules in 
living cells of transgenic arabidopsis thaliana. Protoplasma 206: 201-206. 
10.1007/BF01279267. 

62. MiUenaar FF, Cox MCH, van Bcrkel YEMD, Welschen RAM, Pierik R, et al. 
(2005) Ethylene-induecd differential growth of petioles in arabidopsis. analyzing 
natural variation, response kinetics, and regulation. Plant Physiol 137: 998— 
1008. 10.1104/pp.l04.053967. 

63. Sulova Z, Lcdnicka M, Farkas V (1995) A eolorimetric assay for xyloglucan- 
cndotransglyeosyla.se from germinating seeds. Anal Biochcm 229: 80-85. 

64. Bradford MM (1976) A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye binding. 
Anal Biochcm 72: 248-254. 

65. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using 
real-time quantitative PCR and the 2- AA CT method. Methods 25: 402-408. 

66. Himmelspach R, Nick P (2001) Gravitropic microtubule reorientation can be 
uncoupled from growth. Planta 212: 184-189. 



PLOS ONE | www.plosone.org 



13 



March 2014 | Volume 9 | Issue 3 | e90587 



